Purpose: To evaluate hepatobiliary phase magnetic resonance imaging with gadobenate dimeglumine for differentiation of benign hypervascular liver lesions from malignant or high-risk lesions. Methods and Materials: Retrospective assessment was performed of 550 patients with 910 hypervascular lesions (302 focal nodular hyperplasia ͓FNH͔, 82 nodular regenerative hyperplasia ͓NRH͔, 59 hepatic adenoma or liver adenomatosis ͓HA/LA͔, 329 hepatocellular carcinomas ͓HCC͔, 12 fibrolamellar-HCC ͓FL-HCC͔, 21 peripheral cholangiocarcinomas ͓PCC͔, 105 metastases). Imaging was performed before and during the arterial, portal-venous, equilibrium, and hepatobiliary phases after gadobenate dimeglumine administration (0.05 mmol/kg). Histologic confirmation was available for Ն1 lesion per patient, except for patients with suspected FNH (diagnosis based on characteristic enhancement/follow-up). Lesion differentiation (benign/malignant) on the basis of contrast washout and lesion enhancement (hypo-/iso-/hyperintensity) was assessed (sensitivity, specificity, accuracy, PPV, and NPV) relative to histology or final diagnosis. Results: On portal-venous or equilibrium phase images, washout was not seen for 208 of 526 (39.5%) malignant (HCC, FL-HCC, PCC, metastases) and high-risk (HA/LA) lesions. Conversely, only 5 of 384 (1.3%) true benign lesions (FNH/NRH) showed washout. Taking washout as indicating malignancy, the sensitivity, specificity, and accuracy for malignant lesion identification during these phases was 61.8%, 98.7%, and 77.4%. On hepatobiliary phase images, 289 of 302 FNH, 82 of 82 NRH, 1 of 59 HA or LA, 62 of 341 HCC or FL-HCC, and 2 of 105 metastases were hyperintense or isointense. Taking iso-or hyperintensity as an indication for lesion benignity, the sensitivity, specificity, accuracy, PPV, and NPV for benign lesion identification was 96.6%, 87.6%, 91.4%, 85.1%, and 97.3%, respectively. Conclusions: Hepatobiliary phase imaging with gadobenate dimeglumine is accurate for distinguishing benign lesions from malignant or high-risk lesions. Biopsy should be considered for hypointense lesions on hepatobiliary phase images after gadobenate dimeglumine.
C ontrast-enhanced magnetic resonance (MR) imaging is a highly accurate noninvasive imaging modality for the detection and characterization of solid hypervascular focal liver lesions (FLLs), and is invariably the imaging method of choice for improved differential diagnosis in cases of equivocal or indeterminate lesions on ultrasound or computed tomography (CT). [1] [2] [3] [4] However, it is not always possible to accurately diagnose a given lesion on conventional T1-weighted (T1w) dynamic phase imaging because of overlapping enhancement patterns between different lesion types. 5 Moreover, the frequent atypical appearance of certain lesion types might further complicate the diagnosis. The development of gadolinium-based contrast agents with liver-specific properties has markedly improved the accuracy of MR imaging for the identification and characterization of FLLs. 6 -21 Gadobenate dimeglumine (MultiHance; Bracco Imaging SpA, Milan, Italy) is a gadolinium-based MR contrast agent which has the combination of the properties of a conventional nonspecific gadolinium-based agent and that of an agent targeted specifically to hepatocytes. 8 -10 This feature permits improved lesion detection relative to that achievable on unenhanced and dynamic phase imaging alone, 11, 12 and an additional means for lesion characterization on the basis of the functional characteristics of lesions; lesions that contain functioning hepatocytes are able to take up the Gd-BOPTA contrast-effective molecule of gadobenate dimeglumine in a manner similar to that of normal liver parenchyma, whereas lesions that do not contain functioning hepatocytes are generally unable to take up Gd-BOPTA, and thus appear hypointense relative to enhanced normal liver parenchyma on delayed T1w hepatobiliary phase images. [13] [14] [15] [16] Previous studies have shown that this differential hepatobiliary phase uptake is of particular benefit in the case of focal nodular hyperplasia (FNH), both for the improved characterization of lesions with atypical enhancement features on dynamic phase imaging 17 and for the accurate differentiation of FNH from hepatic adenoma (HA). 18 Unfortunately, the spectrum of hypervascular FLLs encountered in routine practice extends beyond benign FNH. 22 Among the most common hypervascular lesions, FNH and nodular regenerative hyperplasia (NRH) are considered truly benign because these lesions show no propensity for malignant transformation and are rarely associated with complications such as rupture, hemorrhage, or torsion, which typically necessitate emergency intervention. 23 Consequently, these lesions are usually managed conservatively with patients undergoing routine follow-up. Conversely, other common hypervascular lesions (eg, hepatocellular carcinoma ͓HCC͔, peripheral cholangiocarcinoma ͓PCC͔, liver metastases from primary extrahepatic tumors) may be highly malignant in nature and frequently prone to complications. These lesions usually require prompt surgical or ablative treatment whenever feasible and whenever such treatment would benefit the patient. A distinct type of solid hypervascular lesion is HA. Although benign in nature, these lesions are frequently associated with rupture and intralesional hemorrhage, particularly if larger than 5 cm in size. Consequently, these lesions are considered high risk, and surgical resection is usually indicated for larger lesions. 24 -26 The purpose of the present retrospective analysis was to determine the diagnostic accuracy of hepatobiliary phase MR imaging with gadobenate dimeglumine for the differentiation of true benign liver lesions (FNH, NRH) from malignant and high-risk hypervascular lesions in patients referred for MR imaging of the liver as part of clinical routine examination.
METHODS AND MATERIALS

Study Population, Lesions, Confirmation
A total of 550 consecutive patients (290 women, 260 men; mean age Ϯ SD, 53.4 Ϯ 16.9 years; range, 7-86 years) referred for MR imaging of the liver at 1 of 4 centers in Europe and who had one or more solid hypervascular FLLs confirmed histologically or by means of routine follow-up were evaluated. All patients were evaluated as part of routine clinical practice, and were informed of the nature of the MR imaging examination and the reason why it was being performed. Approval for the retrospective analysis of patient All of the evaluated patients underwent unenhanced T2-weighted (T2w) and T1w imaging, followed by T1w dynamic and delayed hepatobiliary phase liver imaging after gadobenate dimeglumine administration. Patients with obvious capillary or cavernous hemangiomas were not included; these lesions are readily diagnosed on unenhanced T2w and postcontrast T1w dynamic phase images because of their characteristic enhancement patterns, 27 and thus delayed hepatobiliary phase images are not typically acquired for these lesions. Similarly, patients with hypovascular liver lesions on postcontrast T1w arterial phase images were not evaluated, as these lesions are mostly malignant and referred for biopsy if not immediate intervention. 28 Demographic characteristics of the patient population and a summary of the lesions included in the analysis and the approach to lesion diagnosis are given in Table 1 .
A total of 910 hypervascular lesions comprising 302 FNH, 82 NRH, 59 HA, 6 liver adenomatosis (LA), 329 HCC, 12 fibrolamellar-HCC ͓FL-HCC͔, 21 PCC, and 105 hypervascular metastases were evaluated. The mean size of evaluated lesions was comparable, ranging between 1.8 Ϯ 1.0 cm for NRH and 4.2 Ϯ 2.2 cm for PCC ( Table 1 ). The primary cancers in the patients with hepatic metastases were neuroendocrine pancreatic tumor (20 lesions in 6 patients), renal cell carcinoma (18 lesions in 6 patients), breast cancer (15 lesions in 7 patients), carcinoid (11 lesions in 6 patients), insulinoma (9 lesions in 2 patients), melanoma (7 lesions in 6 patients), colon cancer (7 lesions in 5 patients), lung adenocarcinoma (5 lesions in 2 patients), thyroid cancer (3 lesions in 1 patient), gastrointestinal stromal tumor (2 lesions in 2 patients), gastrinoma (2 lesions in 1 patient), ovarian cancer (2 lesions in 1 patient), esophageal cancer (1 lesion in 1 patient), Merkel cell tumor (1 lesion in 1 patient), rhinopharyngeal cancer (1 lesion in 1 patient), and nonsmall-cell lung cancer (1 lesion in 1 patient).
All evaluated lesions were confirmed histologically, unless the lesion enhancement patterns on dynamic and delayed hepatobiliary phase images in conjunction with clinical history and any other pertinent diagnostic information (ie, findings from any previous imaging studies) were strongly indicative of a benign lesion. Lesions strongly suspected to be benign on the basis of characteristic morphologic and enhancement features (eg, typical FNH and NRH) were included in the present analysis only if follow-up information for at least 2 years was available. 29 Atypical FNH (ie, lesions that demonstrated abnormal features such as heterogeneous enhancement; hypointensity in the portal-venous or equilibrium phases; absent central scar in larger lesions, typically Ͼ3 cm; scar hypointensity on T2w images; or the presence of a pseudocapsule, hemorrhage, or necrosis) or NRH were referred for biopsy or in some cases resected (Table 1 ). All lesions suspected to be malignant were confirmed histologically after biopsy or resection, or displayed identical behavior to previously biopsied lesions in the same patient during transarterial chemoembolization. Only histologically confirmed lesions were included in the analysis; additional lesions in the same patient that were not evaluated histologically were not included regardless of whether the enhancement behavior was identical to that of the biopsied lesion. Therefore, no more than 3 lesions per patient were evaluated, even among patients with multiple ostensibly identical lesions.
For the purposes of the present analysis, LA lesions were grouped with HA lesions because LA lesions are histologically and radiologically identical to HA lesions. 30, 31 Similarly, FL-HCC lesions were grouped with the HCC lesions for subsequent analysis.
MR Imaging
A similar MR imaging protocol was used at each institution. All patients were imaged on a superconducting imager (Magnetom Symphony or MagnetomVision, Siemens Medical Systems, Erlangen, Germany) operating at 1.5 Tesla, using a body-array coil. MR imaging was performed using T2w Turbo Spin Echo sequences with or without fat saturation (T2wTSE; TR/TE ϭ 4000 ms/90 -108 ms, flip angle ͓FA͔ ϭ 150 degree, echo train length ϭ 29) or a T2w half-Fourier acquisition single-shot turbo spin-echo (HASTE) sequence (T2wHASTE; TR/TE ϭ ϱ/74 ms, FA ϭ180 degree) and T1w Gradient Echo in-phase and out-of-phase sequences (T1wGRE; TR/TE ϭ 140 -160 ms/4.7 ms for in-phase/2.6 for out-of-phase, FA ϭ 70 degree) or a T1w volumetric interpolated breath-hold examination sequence (T1wVIBE; Repetition time (TR)/Echo time (TE) ϭ 6.2 ms/2.5 ms, FA ϭ 15 degree). Images were acquired before the administration of contrast agent (T2wTSE and T1wGRE or T1wVIBE images); during the dynamic phase of contrast agent enhancement (T1wGRE or T1wVIBE images only) at 25 to 30 seconds (arterial phase), 70 to 90 seconds (portal-venous phase), and 3 to 5 minutes (equilibrium phase) following the intravenous bolus (2-2.5 mL/s) administration of gadobenate dimeglumine at a dose of 0.05 mmol/kg bodyweight; and during a later delayed hepatobiliary phase (T1wGRE images only) between 1 and 3 hours postinjection. Images acquired in the postcontrast delayed phase were acquired with or without fat suppression. The slice thickness was 6 to 7 mm for unenhanced images and images acquired during the delayed 
Image Evaluation
All MR images at each center were evaluated by a senior radiologist (XX, YY, ZZ) with at least 18 years experience in liver imaging and more than 12 years specific experience of liver MRI with gadobenate dimeglumine. All detected lesions were assessed in terms of signal intensity enhancement on dynamic (arterial, portalvenous, and equilibrium phases) and delayed (1-3 hours) hepatobiliary phase images. Lesions were classified primarily as hypointense, isointense, or hyperintense relative to the surrounding normal liver parenchyma in the same imaging phase. In the portal-venous and equilibrium phases, lesions which showed a signal intensity lower than the surrounding normal parenchyma were considered to have demonstrated contrast washout.
Secondary determinations were made of enhancement homogeneity (homogeneous, inhomogeneous) and of the presence or absence of features characteristic of specific lesion types (eg, central scar in the case of FNH). Such features are frequently useful for lesion characterization, especially for benign lesions, enabling conservative management whenever possible.
Statistical Analysis
Definitions of lesion features used for determinations of diagnostic performance are given in Table 2 . Determinations of diagnostic performance using contrast washout as indicative of malignancy during the portal-venous and equilibrium phases and lesion hyper-or isointensity as indicative of lesion benignity during the hepatobiliary phase were performed in terms of sensitivity (TP/͓TP ϩ FN͔), specificity (TN/͓TN ϩ FP͔), accuracy (͓TP ϩ TN͔/͓all lesions͔), positive predictive value (PPV; TP/͓TP ϩ FP͔), and negative predictive value (NPV; TN/͓TN ϩ FN͔).
RESULTS
Precontrast Unenhanced Imaging
The appearance of the 910 evaluated lesions on precontrast T2w and T1w images is summarized in Table 3 . Detected lesions on unenhanced T2w images were predominantly hyperintense or isointense to the surrounding normal liver parenchyma, although most PCC lesions (18 of 21; 85.7%) were hypointense. Of the 38 lesions not seen on unenhanced T2w images, 31 (81.6%) were benign FNH or NRH. The appearance of lesions on unenhanced T1w images was more diverse, although most lesions were hypointense or isointense. Exceptions were NRH which in most cases appeared hyperintense and HCC whose appearance ranged from markedly hypointense to markedly hyperintense. A total of 47 lesions were not visible on unenhanced T1w images. In most cases, these were again benign FNH or NRH.
Although unenhanced imaging frequently provided hints to the diagnosis of a given lesion, it was insufficient in itself to permit reliable differentiation of benign from malignant disease.
Dynamic Phase Imaging
Because only hypervascular lesions were included in this analysis, all evaluated lesions were hyperintense against the surrounding normal parenchyma on arterial (25-30 inches) phase images (Table 3) . Although in most cases (687 of 910 lesions ͓75.5%͔) the arterial phase enhancement was homogeneous, inhomogeneous hyperintensity reflecting areas of internal lesion necrosis, fibrosis, or hemorrhage was noted in 21.2% (193 of 910) of lesions overall, predominantly among HCC or FL-HCC (Fig. 1) , PCC, metastases (Fig. 2) , and HA or LA. Peripheral rim enhancement, which is frequently a characteristic feature of hypervascular metastases and PCC on dynamic MRI, 29, 30 was noted in 3.3% (30 of 910) of lesions overall (11 of 21 ͓52.4%͔ PCC, 14 of 105 ͓13.3%͔ metastases (Fig. 3) , and 5 of 341 ͓1.5%͔ HCC; Table 4 ).
On portal-venous (70 -90 inches) phase images, only 392 of 910 (43.1%) lesions were homogeneously or inhomogeneously hyperintense, whereas 283 of 910 (31.1%) lesions were isointense and 235 of 910 (25.8%) lesions were hypointense (Table 3) . Comparison among individual lesion types revealed that although 40% or more of all true malignant lesions and 25.4% (15 of 59) of HA or LA were already hypointense during the portal-venous phase, between 27.0% and 42.9% of these lesions were still homogeneously or inhomogeneously hyperintense.
A similarly high proportion of true malignant and high-risk lesions retained a hyperintense or isointense appearance on equilibrium phase acquisitions at 3Ј-5Ј postinjection; overall, 57.6% (34 of 59) of HA or LA lesions, 31.1% (106 of 341) of HCC or FL-HCC lesions, 48.6% (51 of 105) of metastases, and 81.0% (17 of 21) of PCC lesions were homogeneously or inhomogeneously hyperintense or isointense during this phase (Table 3) . Among these lesions, more HA or LA, HCC or FL-HCC, and metastases appeared isointense than hyperintense, reflecting continued contrast agent washout. Conversely, most PCC lesions were predominantly hyperintense during the equilibrium phase because of contrast agent pooling.
Assuming that washout in the portal-venous and equilibrium phase images is indicative of a true malignant lesion (HCC, FL-HCC, PCC, or metastasis) or a high-risk lesion (HA or LA), the overall sensitivity, specificity, accuracy, PPV, and NPV for the differentiation of benign from malignant or high-risk lesions on portal-venous and equilibrium phase imaging was 61.8%, 98.7%, 77.4%, 98.5%, and 65.3%, respectively.
Despite the predominantly hyperintense or isointense appearance of the FNH and NRH lesions throughout the dynamic phase of image acquisition, the high proportion of malignant and HA or LA lesions showing similar enhancement behavior precluded reliable differentiation of benign and malignant lesions on the basis of dynamic phase imaging alone.
Delayed Hepatobiliary Phase Imaging
The overall appearance of the 910 evaluated lesions during the delayed hepatobiliary phase of contrast enhancement is summarized in Table 5 . Although 289 of 302 (95.7%) FNH (Figs. 4, 5 ) and all (82 of 82 ͓100%͔) NRH had a hyperintense or isointense appearance, all but 62 HCC or FL-HCC, 2 metastases, and 1 HA lesion appeared homogeneously or inhomogeneously hypointense (Figs. 5-7 ). Regarding the 2 metastases, both lesions demonstrated a high degree of internal necrosis and appeared inhomogeneously hyperintense on delayed phase images because of clear contrast agent pooling within the lesion. Conversely, the inhomogeneous isointense appearance of the solitary HA reflected the presence of extensive internal hemorrhage in a patient with severe hepatic steatosis. As regards to the 13 FNH lesions that had an overall hypointense appearance on delayed phase images, this was in each case due to fibrosis within the lesion.
Assuming that lesion hyperintensity or isointensity on delayed hepatobiliary phase images is indicative of a true benign lesion (FNH or NRH) and that lesion hypointensity indicates either a true malignant lesion (HCC, FL-HCC, PCC or metastasis) or a high-risk FIGURE 1. A 17-year-old girl with a large, lobulated tumor in the left liver lobe. The lesion (arrow) appears inhomogeneously isointense or slightly hypointense on unenhanced T1w images (A) as well as on T2w TSE (B) and HASTE (C) images. Intense contrast enhancement during the T1w arterial phase (D) after administration of 0.05 mmol/kg gadobenate dimeglumine, with no significant washout during the portal-venous (E) and equilibrium (F) phases, is suggestive of the dynamic contrast enhancement pattern displayed by FNH. On delayed (2 hour) T1w hepatobiliary phase images (G), the lesion appears hypointense against the enhanced normal parenchyma, indicating a tumor without functioning hepatocytes that is unable to take up Gd-BOPTA. Histology following resection confirmed the lesion as a fibrolamellar carcinoma.
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Solid Hypervascular Liver Lesions lesion (HA or LA), the overall sensitivity, specificity, accuracy, PPV, and NPV for the differentiation of benign from malignant lesions on hepatobiliary phase imaging in this analysis was 96.6%, 87.6%, 91.4%, 85.1%, and 97.3%, respectively ( Table 6 ). Given that inhomogeneous or peripheral enhancement during the arterial phase is often a strong indicator of lesion malignancy, a similar assessment was performed for just the 687 hypervascular lesions that demonstrated homogeneous enhancement on arterial phase imaging. Similar overall results were obtained (98.7%, 85.4%, 92.7%, 89.2%, and 98.1%, for sensitivity, specificity, accuracy, PPV, and NPV, respectively; Table 6 ).
Finally, because contrast washout during the portal-venous and equilibrium phases is often also indicative of lesion malignancy, [32] [33] [34] assessment was similarly performed for just the 580 hypervascular lesions that did not demonstrate washout during these phases. Again, the results obtained were similar to those of the overall lesion population (96.8%, 78.1%, 90.3%, 89.3%, and 92.9%, for sensitivity, specificity, accuracy, PPV, and NPV, respectively; Table 6 ).
FIGURE 2.
A 59-year-old woman with multiple hypervascular metastases from a primary neuroendocrine tumor. The unenhanced T1w image (A) reveals 2 large hypointense lesions (arrows) in the right liver lobe. On T2w TSE (B) images, the lesions are almost isointense with the normal parenchyma. The large lesion (arrow) appears inhomogeneously slightly hyperintense during the arterial phase (C) and iso-to hyperintense during the portal-venous phase (D). During the equilibrium phase (E), the lesions appear inhomogeneously hypointense. On the delayed (1 hour) T1w hepatobiliary phase image (F), the lesions appear strongly inhomogeneously hypointense. Contrast agent pooling (arrow) is evident within the large lesion. The delayed T1w hepatobiliary phase image also reveals the presence of 2 additional lesions (arrows) in the left liver lobe.
FIGURE 3.
A 55-year-old man with hypervascular metastases from a primary intestinal carcinoid. A small lesion (arrow) appears as homogeneously hypointense on the unenhanced T1w image (A) and as slightly hyperintense on the T2w TSE image (B). During the T1w arterial phase (C) after administration of 0.05 mmol/kg gadobenate dimeglumine, the lesion appears slightly hyperintense. The lesion appears isointense and hypointense on the portal-venous (D) and equilibrium (E) phase images, respectively. In the equilibrium phase, another small hypointense lesion (arrow) can be seen in the sixth segment. On the delayed (2 hour) T1w hepatobiliary phase image (F), the lesions are both strongly hypointense against the enhanced normal liver parenchyma. During this phase, another small hypointense lesion (arrowhead) can be seen.
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DISCUSSION
In the 12 years that gadobenate dimeglumine has been approved in Europe for MR imaging of the liver, numerous studies have highlighted the value of delayed hepatobiliary phase acquisitions not only for the improved detection of metastatic or small satellite lesions, 11, 12 but also for the improved characterization of equivocal or otherwise atypical lesions on routine dynamic phase imaging. [13] [14] [15] [16] [17] [18] Moreover, comparative studies have also shown that hepatobiliary phase imaging with gadobenate dimeglumine is superior to MR imaging with liver-specific superparamagnetic iron oxide particles for both the detection and characterization of liver lesions. 12, 35, 36 Recently, Kim et al have shown that delayed hepatobiliary phase acquisitions are particularly beneficial for the improved characterization of HCC in cirrhotic livers. 16 At variance with previous studies that focused on gadobenate dimeglumine-enhanced MR imaging of specific lesion types, 12, [15] [16] [17] [18] 35, 36 our analysis addressed the overall value of delayed hepatobiliary phase imaging with gadobenate dimeglumine for routine clinical differentiation of true benign lesions for which conservative treatment is typically indicated from malignant and high-risk lesions, for which therapeutic intervention is usually necessary whenever possible. Assuming that a hyperintense or isointense appearance on hepatobiliary phase imaging indicates a lesion with functioning hepatocytes that is able to take up the Gd-BOPTA contrast-effective molecule of gadobenate dimeglumine 17, 18 in a similar manner to that of surrounding normal liver parenchyma, and that a hypointense appearance indicates a lesion without functioning hepatocytes that is unable to take up Gd-BOPTA, we determined overall values for sensitivity, specificity, accuracy, PPV, and NPV of 96.6%, 87.6%, 91.4%, 85.1%, and 97.3%, respectively. On the basis of these findings, an appropriate "rule of thumb" may be to consider a hypointense lesion on delayed hepatobiliary phase imaging in normal liver as suspicious for malignancy for which confirmatory histologic information is required, whereas a hyperintense or isointense lesion in the absence of other suspicious findings (eg, elevated ␣-1 fetoprotein in case of HCC 37 ) is more likely to be benign in nature, and thus a candidate for regular follow-up.
Interesting exceptions are HA and LA lesions which are benign in nature but which appear hypointense on delayed hepatobiliary phase imaging because they lack biliary ductules, 38 and thus are unable to take up and excrete Gd-BOPTA through the hepatobiliary route. However, these lesions are highly susceptible to hemorrhage and thus are frequently considered for surgical resection anyway, in much the same way as malignant lesions. 24 -26 In agreement with previous findings, 18 all but one of the HA or LA lesions included in this study were hypointense on delayed phase images; the one exception was an inhomogeneously isointense lesion in a patient with severe hepatic steatosis. Apart from the severe steatosis in this patient, another possible explanation for the isointense appearance of the single HA in this study was that a gadobenate dimeglumine dose of just 0.05 mmol/kg bodyweight was used because this is the dose approved in Europe for MR imaging of the liver. Although the R1 relaxivity of gadobenate dimeglumine is approximately twice that of conventional gadolinium contrast agents at all magnetic field strengths, 39 thereby permitting similar lesion conspicuity and diagnostic information with a reduced overall dose, 40, 41 it has nevertheless been shown that an increased dose of 0.1 mmol/kg bodyweight leads to greater overall signal-to-noise and contrast-to-noise ratios on delayed images. 9, 42 It is possible that an increased dose in this particular patient might have led to greater normal liver enhancement relative to that of the lesion, resulting in a more typical hypointense appearance. For other MR applications, a gadobenate dimeglumine dose of 0.1 mmol/kg bodyweight is either approved or widely used off-label and numerous intraindividual crossover studies with conventional gadolinium agents have reported significantly improved imaging performance with gadobenate dimeglumine at this dose. [43] [44] [45] [46] [47] [48] [49] The increased R1 relaxivity and thus the improved imaging performance relative to conventional agents at equivalent dose is because of weak, transient interactions of the Gd-BOPTA contrast-effective molecule of gadobenate dimeglumine with serum proteins. 50, 51 Recent studies suggest that even better diagnostic performance can be achieved by modifying the relevant acquisition and/or evaluation parameters to take account of the protein interaction and increased R1 relaxivity of gadobenate dimeglumine. [52] [53] [54] As noted previously, 15, 17, 18 certain HCC may appear atypically hyperintense (Fig. 8) or isointense on hepatobiliary phase images, whereas certain FNH may appear atypically hypointense. These studies have addressed the appearance of these hepatocellular lesions in normal liver and, in the case of HCC, in cirrhotic liver. 15 Among the lesions in the present analysis, most of false-positive lesions (62 of 65) were HCC that appeared either hyperintense (n ϭ 26 ͓7.6%͔) or isointense (n ϭ 36 ͓10.6%͔) on delayed phase images. Conversely, the 13 (4.3%) false-negative lesions were all atypical FNH that appeared inhomogeneously hypointense on delayed phase images. In the case of HCC, a hyperintense or isointense appearance may be due to residual hepatocyte functionality in certain welldifferentiated lesions or due to large amounts of intralesional fatty metaplasia. 15 Conversely, certain FNH may appear atypically hypointense on delayed images because of extensive fibrosis within the lesion. 17, 18 Concerning the FNH lesions included in this analysis, a relatively high proportion (80 of 302; 26.5%) were referred for biopsy, despite the characteristic hyperintense appearance of the lesions on delayed hepatobiliary phase images. After resection, 16 lesions were further assessed histologically. Among the 80 biopsied FNH lesions were the 13 atypical hypointense lesions; the remainder were predominantly lesions with atypical features on initial dynamic phase imaging (eg, an inhomogeneous appearance, calcification, a peripheral rim, absent central scar in larger lesions). Atypical imaging findings on MR imaging are not uncommon for FNH. 55, 56 However, the appearance of these lesions on delayed hepatobiliary phase images suggests that follow-up might have been an alternative approach to patient management rather than immediate biopsy.
A limitation of this analysis is that the lesions included were among the more common hypervascular lesion types encountered in routine practice. Recently, a report from Marin et al 57 has shown that primary leiomyoma, which is a rare benign tumor of the liver, also appears hypointense on delayed hepatobiliary phase images after gadobenate dimeglumine administration. Given the criteria adopted for this analysis, a hypointense appearance on delayed imaging would be suggestive of a malignant lesion for which biopsy is indicated. However, although biopsy would have been unnecessary in this case, it is clearly preferable to histologically assess a suspected malignant lesion that is subsequently confirmed as benign than not to assess a lesion that is subsequently confirmed as malignant. Findings from routine practice should provide additional information on whether other benign hypervascular lesions apart from HA and leiomyoma have a hypointense appearance on delayed phase images. By analogy with HA, it may be envisaged that benign FIGURE 4. A 32-year-old man with FNH and a history of seminoma. The lesion (arrows) appears isointense on the unenhanced T1w (A) and T2w HASTE (B) images. Strong contrast enhancement occurs during the T1w arterial phase (C) after administration of 0.05 mmol/kg gadobenate dimeglumine, with no washout during the portal-venous (D) and equilibrium (E) phases. The enhancement behavior is typical of FNH, except that a central scar is not clearly appreciated. On the delayed (2 hour) T1w hepatobiliary phase images (F), the lesion is homogeneously hyperintense against the normal liver parenchyma, indicating a lesion with functioning hepatocytes that is able to take up Gd-BOPTA. Moreover, a central scar is better appreciated.
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Solid Hypervascular Liver Lesions In this phase, a large hypervascular lesion can be seen in the fifth segment. In the T1w portal-venous phase (E), the larger lesion appears isointense, whereas the 2 smaller lesions show contrast washout (asterisk) and retention of contrast agent resulting in a hyperintense appearance (arrow), respectively. On the equilibrium phase image (F), all but 1 lesion appears isointense; only the lesion that showed contrast washout during the portal-venous phase appears hypointense. On the delayed (2 hour) T1w hepatobiliary phase images acquired without (G) and with (H) fat suppression, the 2 smaller lesions appear homogeneously hypointense, whereas the larger lesion is markedly hyperintense against the normal liver parenchyma. The 2 hypointense lesions are adenomas which lack biliary ductules, and thus are unable to take up and excrete Gd-BOPTA through the hepatobiliary route. The larger lesion is an FNH.
FIGURE 7.
A 75-year-old woman with chronic hepatitis and HCC. The unenhanced T1w image (A) reveals a homogeneous hypointense lesion (arrow). The lesion appears hyperintense on the T2w TSE (B) and HASTE (C) images. Signs of cirrhosis are also apparent with these sequences. Strong homogeneous contrast enhancement occurs during the T1w arterial phase (D) after administration of 0.05 mmol/kg gadobenate dimeglumine, which persists into the portal-venous phase (E). During the equilibrium phase (F) and on delayed (1 hour) T1w hepatobiliary phase images acquired without (G) and with (H) fat suppression, the lesion is homogeneously hypointense against the normal liver parenchyma, indicating a lesion that is unable to take up Gd-BOPTA.
lesions with compromised or absent biliary ductules are more likely to appear hypointense. A second possible limitation is that alternative MR approaches such as diffusion weighted imaging (DWI) were not included in the assessment. Although DWI sequences are known to be of value for the characterization of certain hypervascular liver lesions such as hemangiomas and cysts, 58 -60 they are of limited use for the accurate differential diagnosis of solid hypervascular lesions. 59 -61 These sequences were used in comparatively few subjects in our cohort, and thus their potential added value was not assessed. Future work might be directed toward evaluating the 
FIGURE 8.
A 77-year-old woman with chronic hepatitis and HCC. The unenhanced T1w image (A) reveals a homogeneous hypointense lesion at the dome of the liver. The lesion appears slightly hyperintense on the HASTE (B) images. Inhomogeneous contrast enhancement occurs during the T1w arterial phase (C) after administration of 0.05 mmol/kg gadobenate dimeglumine, with a washout into the portal-venous (D) and equilibrium phase (E). On delayed (2 hours) T1w hepatobiliary phase images acquired without (F) fat suppression, the lesion is inhomogeneously hyperintense against the normal liver parenchyma, indicating a lesion that is able to take up Gd-BOPTA.
Investigative Radiology • Volume 46, Number 4, April 2011 Solid Hypervascular Liver Lesions comparative benefits of DWI in combination with delayed hepatobiliary phase imaging. A final limitation is that the analysis was retrospective in nature. However, it should be borne in mind that consecutive patients were included at each center and that image assessment was based solely on lesion enhancement relative to normal liver enhancement. Nevertheless, a prospective study is perhaps warranted to confirm the conclusions of this study.
Although this analysis focused solely on hypervascular liver lesions, the benefits of delayed hepatobiliary phase imaging with gadobenate dimeglumine have also been demonstrated recently for the differentiation of benign from malignant lesions that have a hypointense appearance. 28 In conclusion, this analysis demonstrates that delayed hepatobiliary phase imaging with 0.05 mmol/kg gadobenate dimeglumine is accurate for the correct differentiation of true benign hypervascular lesions from malignant and high-risk hypervascular lesions. However, it should be emphasized that delayed hepatobiliary phase imaging is not necessary for all patients referred for MRI for suspected liver lesions. Therefore, it would make little sense to perform hepatobiliary phase imaging in patients with lesions such as obvious cysts and hemangiomas, which can readily be characterized on unenhanced and postcontrast dynamic phase images alone. On the other hand, the possibility to acquire hepatobiliary phase images is potentially highly advantageous for equivocal lesions or lesions which have an atypical appearance on dynamic phase imaging. Concerning workflow and logistical issues, it should be borne in mind that approximately only 6 to 8 minutes are needed to acquire delayed hepatobiliary phase images (including patient positioning, etc.), and that delayed phase images can be acquired at any time between 1 and 3 hours after gadobenate dimeglumine injection, with later delayed acquisitions often proving beneficial compared with earlier delayed acquisitions. 17 Therefore, if additional delayed phase acquisitions are deemed necessary for a given patient, the overall workflow and timing are not greatly affected, especially because delayed acquisitions are not necessary for every patient.
